The synthesis and characterization of four iridium(III) complexes [Ir(thpy) 2 (N^N)] [PF 6 ] where Hthpy = 2-(2'-thienyl)pyridine and N^N are 6-phenyl-2,2'-bipyridine (1), 4,4'-dit butyl-2,2'-bipyridine (2), 4,4'-dit butyl-6-phenyl-2,2'-bipyridine (3) or 4,4'-dimethylthio-2,2'-bipyridine (4) are described. ] complexes with emission maxima at ≈600 nm, but device performances are relatively poor probably due to the poor charge-transporting properties of the complexes.
Introduction
Cationic iridium complexes have been extensively used in electroluminescence applications including organic lightemitting diodes (OLEDs) and light-emitting electrochemical cells (LECs). 1, 2 LECs consist of a luminescent material that can be either a conjugated polymer with an added electrolyte in a blended structure (PLECs) 3 or an ionic transition-metal complex (iTMC) that performs the roles of injection, transport and light emission (iTMC-LECs). 2, [4] [5] [6] [7] The main advantages of this type of device are their simple structure, as they usually consist of a single layer processed from solution, and their insensitivity to the work function of the electrodes employed. 8, 9 This is a consequence of the presence of ions which migrate towards the electrodes when a bias is applied, lowering the injection barriers and allowing for efficient electron and hole injection. 3, [10] [11] [12] In the case of iTMC-LECs, many complexes have been evaluated mainly using iridium(III) as the metal core due to their high photoluminescence efficiencies and tunable colour emission. 3, 4 We now describe the synthesis and characterization of a family of iridium(III) complexes of type [Ir(thpy) 2 
(N^N)]
+ , in which Hthpy = 2-(2′-thienyl)pyridine and N^N are the 2,2′-bipyridine-based ligands 1-4 (Scheme 1). The cyclometallating ligand Hthpy was chosen because it produces stable, cyclometallated iridium(III) complexes, [13] [14] [15] [16] [17] while at the same time perturbing their electronic properties with respect to those containing the more commonly employed 2-phenylpyridine (Hppy). Bernhard and coworkers 18 have attempted to include [Ir(thpy) 2 (N^N)] + complexes as part of a combinatorial approach to screening the photophysical behaviour of a range of complexes; however, these authors encountered synthetic problems. Across the series of N^N ligands 1-4, we are able to explore the effects of attaching: (i) electron-withdrawing SMe and electron-releasing t Bu substituents, introduced to red-or blue-shift the emission of the complex, respectively, and (ii) a pendant phenyl substituent, designed to engage in face-to-face π-stacking [19] [20] [21] [22] [23] [24] with one of the coordinated [thpy] − ligands thereby stabilizing the excited state of the complex.
Experimental
General 1 H and 13 C spectra were recorded on a Bruker Avance III-500 spectrometer with chemical shifts referenced to residual solvent peaks with respect to δ(TMS) = 0 ppm. Solution absorption spectra were recorded using an Agilent 8453 spectrophotometer. FT-IR spectra were registered on a Shimadzu 8400S instrument with Golden Gate accessory for solid samples. Electrospray ionization (ESI) mass spectra were recorded on a Bruker Esquire 3000 Plus mass spectrometer. Electrochemical measurements were carried out using cyclic voltammetry and were recorded using a VersaSTAT 3 potentiostat from Princeton Applied Research with glassy carbon working and platinum auxiliary electrodes; a silver wire was used as a pseudo-reference electrode. with I > 2σ(I) converged at final R 1 = 0.0183 (R 1 all data = 0.0196), wR 2 = 0.0473 (wR 2 all data = 0.0498), gof = 1.095. CCDC 949190.
Photophysics
Room and low temperature solutions and thin film photoluminescence spectra and quantum yields were measured with a Hamamatsu C9920-02 Absolute PL Quantum Yield Measurement System. The system is made up of an excitation light source, consisting of a xenon lamp linked to a monochromator, an integration sphere and a multi-channel spectrometer.
Device preparation and characterization
Poly ( ) were patterned using conventional photolithography (obtained from Naranjosubstrates, http://www.naranjosubstrates.com). The substrates were extensively cleaned using sonification in subsequently water-soap, water and 2-propanol baths. After drying, the substrates were placed in a UV-ozone cleaner (Jelight 42-220) for 20 minutes.
The electroluminescent devices were prepared as follows. Transparent thin films of the complexes with the ionic liquid (1-butyl-3-methylimidazolium hexafluorophosphate) in a molar ratio 4 to 1 were obtained by spinning from acetonitrile solutions using concentrations of 20 mg mL −1 at 1000 rpm for 20 seconds. The resulting films had a thickness of 80 nm. Prior to the deposition of the emitting layer, a 90 nm layer of PEDOT:PSS was deposited to increase the device preparation yield. The thickness of the films was determined using an Ambios XP1 profilometer. After spinning the organic layers, the samples were transferred to an inert atmosphere glovebox (<0.1 ppm O 2 and H 2 O, MBraun) and dried on a hot plate at 100°C for 1 hour. Aluminum metal electrodes (70 nm) were thermally evaporated using a shadow mask under a vacuum (<1 × 10 −6 mbar) using an Edwards Auto500 evaporator integrated into an inert atmosphere glovebox. Lifetime data were obtained by applying pulsed currents and monitoring the voltage and simultaneously the luminance by a True Colour Sensor MAZeT (MTCSICT Sensor) using a Lifetime Test System designed by BoTEST (Botest OLT OLED Lifetime-Test System).
Computational details
Density functional calculations (DFT) were carried out with the C.01 revision of the Gaussian 09 program package 33 using
Becke's three-parameter B3LYP exchange-correlation functional 34, 35 together with the 6-31G** basis set for C, H, N, and S, 36 and the "double-ζ" quality LANL2DZ basis set for the Ir element. 37 The geometries of the singlet ground states and of the lowest-energy triplet states were fully optimized without imposing any symmetry restriction. The geometry of the triplet state was calculated at the spin-unrestricted UB3LYP level with a spin multiplicity of 3. All the calculations were performed in the presence of the solvent (acetonitrile). Solvent effects were considered within the self-consistent reaction field (SCRF) theory using the SMD keyword that performs a polarized continuum model (PCM) [38] [39] [40] calculation using the solvation model of Truhlar et al. 41 The SMD solvation model is based on the polarized continuous quantum chemical charge density of the solute (the "D" in the name stands for "density"). Time-dependent DFT (TD-DFT) calculations of the lowest-lying 20 triplets were performed in the presence of the solvent at the minimum-energy geometry optimized for the ground state.
Results and discussion
Structure of ligand 4
Ligands 1-4 are known in the literature (see the Experimental section) but the single crystal structure of 4 has not been reported. Crystals were grown from a CDCl 3 solution of 4; the molecular structure is depicted in Fig. 1a . The bpy domain adopts the expected trans-conformation. The S-C Me bonds lie in the plane of the centrosymmetric molecule, and the S-C bond distances (S1-C6 = 1.7944 (14), S1-C3 = 1.7490(13) Å) along with the angle C6-S1-C3 = 104.30(6)°indicate sp 3 hybridized S with negligible extension of the π-electron density from the pyridine ring into the S1-C3 bond. Molecules are stacked in domains which are related to one another in a herring-bone pattern (Fig. 1b) 6 ] to 240 K leads to a collapse of these signals and, at 210 K, a set of four signals for the ortho and metaprotons of ring G is observed (Fig. 3 ). These were assigned from the COSY spectrum at 210 K. The data are reminiscent of those obtained for related complexes. 24, 44 in contrast, the bpy unit of ligand 1 is twisted (the angle between the planes of the pyridine rings = 14.1°). The latter is most likely a consequence of the face-to-face π-stacking of the 6-phenyl substituent in 1 over the thienyl ring containing atom S2 (Fig. 4b) . The phenyl ring is twisted 70.1°with respect to the pyridine ring to which it is bonded, and sits over the thienyl ring so that the distance between the centroids of the two rings is 3.55 Å; the angle between the planes of the rings is 12.1°. This π-stacking interaction within the coordination sphere of the iridium(III) centre adds to the growing number of such examples. [19] [20] [21] [22] [23] [24] The centrosymmetric pair of cations in the unit cell pack with the pyridine rings containing N2 and N2 
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This journal is © The Royal Society of Chemistry 2014 16 In contrast to the oxidation processes which occur at similar potentials, the effect of the substituents is more pronounced on the first reduction process assigned to reduction of the bpy ligand. E (Table 1) .
Solution photophysical behaviour of the complexes
The electronic absorption spectra in acetonitrile solution of the four [Ir(thpy) 2 6 ] complexes are shown in Fig. 7 . The spectra are dominated by intense, high-energy bands arising from π* ← π and, in [Ir(thpy) 2 (4)][PF 6 ], π* ← n transitions that extend into the visible region. The low intensity absorption observed for each complex between 410 and 415 nm is assigned to an MLCT transition. Excitation into the latter band gives rise to the emission spectra shown in Fig. 8 . The emission maxima are collected in Table 2 17 in the emission spectrum (Fig. 8); however, there is little difference in the emission maxima (Table 2 ). This is consistent with the trend observed on going from [Ir( ppy) 2 respectively, with respect to the pyridine ring to which it is bonded. The S-C Me bonds in [Ir(thpy) 2 (4)] + are predicted to lie in the plane of the bpy unit (torsion angles C11-S1-C3-C2 and C12-S2-C8-C9 = −1.5 and 2.8°, respectively) in good accord with X-ray data. HOMO is composed of a mixture of Ir(III) dπ orbitals (t 2g ) and thienyl π orbitals with some contribution from the pyridine rings of the cyclometallating ligands, whereas the LUMO corresponds to the π* LUMO of the ancillary bpy ligand. As a consequence, substitution of the N^N ligand leaves the HOMO mostly unaffected and produces a larger effect in the LUMO (Fig. 9 ). ). b 5% by weight in a polymethylmethacrylate (PMMA) matrix. Table 2 ).
(N^N)][PF
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This that the lowest-energy triplet state should, in principle, originate from the HOMO → LUMO excitation, which gives rise to an electron transfer from the Ir-thpy environment to the diimino ligand. To investigate this hypothesis and the nature of the emitting excited state, the low-lying triplet states (T n ) were calculated at the optimized geometry of the ground state (S 0 ) using the time-dependent DFT (TD-DFT) approach. Table 3 lists the vertical excitation energies and the electronic descriptions computed for the three first triplet excited states. TD-DFT calculations predict the T 1 , T 2 and T 3 states at similar energies, between 2.34 and 2.67 eV above the ground state for all the complexes, the T 4 state lying at 3.00-3.10 eV. Unexpectedly, the T 1 and T 2 states are mainly defined by transitions from the HOMO−1 and HOMO to the LUMO+1 and LUMO+2, and have to be described as ligand-centred ( 3 LC) triplets, since all these orbitals involve the C^N ligands, with some metal-toligand charge transfer ( 3 MLCT) character due to the participation of the Ir core in the HOMO (Fig. 9 ). The T 3 state lies slightly higher in energy (0.10-0.27 eV) and mainly results from the HOMO → LUMO excitation (∼90%). It corresponds to a mixture of metal-to-ligand and ligand-to-ligand charge transfer ( 3 MLCT/ 3 LLCT) character.
The three lowest triplet states were further examined by optimizing their geometries using the spin-unrestricted UB3LYP approach. Table 4 collects the adiabatic energy differences (electronic energy difference between the ground and the excited state at their respective equilibrium geometries) calculated with respect to the ground state, and Fig. 10 0.01e) confirms the dominant 3 LC character of this state with a small contribution from the metal (Fig. 10) . The T 2 state shows the same electronic nature but the spin density is localized on The 3 LC nature predicted for the lowest-energy triplets is in agreement with the structured emission band observed in solution at room temperature ( Fig. 8 ) and justifies the low quantum yields measured experimentally (Table 2) . To estimate the emission energy, the vertical energy difference between the emitting 3 LC triplet T 1 and S 0 was determined by performing a single-point calculation of S 0 at the optimized minimum-energy geometry of the triplet. Calculations lead to similar vertical emission energies of ∼1.90 eV (641-652 nm, Table 4 ) because emission mainly originates from the cyclometallated ligands, which are identical for all the complexes. (Fig. 8) , the different shape of the emission spectra is, in principle, assigned to the different intensity of the vibronic features forming the emission band.
Thin-film photophysical behaviour and electroluminescence
The photophysical properties of cationic iridium complexes are known to differ significantly as a function of the environment. Hence, thin films of the [Ir(thpy) 2 6 ] in a 4 : 1 molar ratio. The photoluminescence spectra of the complexes in the PMMA films are depicted in Fig. 11 and the emission maxima are given in Table 2 . They are significantly different from the photoluminescence spectra obtained in acetonitrile solution, at least in the case of the complexes with N^N = 1 and 4. In thin film, the emission spectra are very similar for all four complexes. All present two emission peaks around 545 and 590 nm and a shoulder around 640 nm that are reminiscent of the features observed in solution ( Fig. 8 and Table 2 ). In view of this distinct difference, the low temperature photoluminescence spectra of the complexes in acetonitrile solution were also determined. The spectra were recorded in a special cell immersed in liquid nitrogen. At this temperature acetonitrile is frozen and the complexes are in a rigid solidstate environment. At low temperature, the photoluminescence spectra do not show much difference from one complex to another, except for the small red shift recorded for complexes with N^N = 1 and 3 (Fig. 12) . Indeed, this shift is observed in the spectra in PMMA films (Fig. 11) and may be related to the intramolecular phenyl-phenyl stacking in these complexes.
The low temperature spectra show much more detail and there are emission features at wavelengths of 540-550 nm and 585-590 nm that correspond to those observed at room temperature. There is also a small emission peak around 640-650 nm, very close to the maximum wavelength of the photoluminescence of the complexes with N^N = 1 and 4 in solution at room temperature. These findings and the absence of a rigidochromic shift in the emission spectra upon cooling indicate (i) an emitting triplet state with mainly 3 LC character, as predicted by theoretical calculations (see above), and (ii) very similar emission properties for all four complexes. The highly structured shape of the emission band reveals two welldefined vibronic progressions, both about 1400 cm −1 , for the four complexes. The red shift observed in the room-temperature solution spectra of complexes with N^N = 1 and 4 is therefore attributed to a different intensity distribution of the vibronic components that define the emission band. The main difference of these complexes is the absence of the t Bu groups on the ancillary ligand. These side groups are slightly electron-donating, but also make the complexes more soluble and less likely to pack closely. The photoluminescence and electroluminescence performance of the complexes in a thin film configuration typically used in LECs was finally examined. In this configuration, the photoluminescence quantum yield is very low and only noisy spectra could be obtained. They were, however, very similar to the electroluminescence spectra depicted in Fig. 13 , which exhibit an identical shape for the four complexes with emission maxima around 600 nm. Hence, all complexes yielded electroluminescence when driven using a block-wave pulsed current ( J avg = 100 A m −2 , duty cycle 1000 Hz). (N^N = 1-3) complexes. Compared to other recently reported LECs, these performances are not very high. In fact LECs using complex 4 had such low performances that only the electroluminescence spectra could be obtained. Hence, these complexes are very interesting emitters with good photoluminescent quantum yields in thin film but they do not lead to efficient LECs. This is primarily due to the poor charge transport of electrons and holes that limits the current density and the luminance and is most likely also responsible for the poor lifetimes.
Conclusions
Four new iridium(III) complexes [Ir(thpy) 2 range 542-592 nm. In contrast, the solution spectra of [Ir(thpy) 2 to a different intensity distribution of the vibronic components that define the emission band. The photoluminescence and electroluminescence characteristics of the complexes in LECs configuration have been investigated. The electroluminescence emission maxima are close to 600 nm for all the complexes, but the device performances are relatively poor, probably due to poor charge transporting properties of the complexes.
